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^ (57) Abstract: The implantable device for long term monitoring of congestive heart failure employs a signal generator, such as 
within a pacemaker, to generate an electrical signal which is monitored to obtain a single or dual firequency measuiement that can 
O independendy measure systemic venous and pulmonary (lung) impedance. The device is able to detect changes in resistance to a 
^ flow of current in the systemic venous system and changes in impedance to a flow of current through a lung to thereby indicate 
>^ separate detection of systemic venous and pulmonary congestion. BEST AVAILABLE COPY 
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iMPLATVTABi.K nr.virF AND MKTHon FPU roNc^TTRM nFTFrxmis 
ANn MnNtrmiTNn of rnNniesTfvg hit apt itah irer 

This application claims the benefit of U.S. Provision Application No. 60/11 7,078, 

filed January 2S. 1999. 

This invention relates to an implantable device and method for long term 
detection and monitoring of congestive heart failure. More particularly, this invention 
relates to a device and method of assessing pulmonary congestive and/or systemic venous 
congestion. 

As is known, congestive heart failure (CHF) in a patient is caused, in part, by a 
build-up of fluid in the Itmgs and body of a patient. Typically, the build-up of fluid in the 
lungs and body (i.e. edema) is a sign of failing heart circulation, for example, as 
described in U.S, Patent 5,876,353. Accordingly, attempts have been made for detecting 
the occurrence of edema in the lungs, for example, using impedance monitoring. In some 
cases, proposals have been made to take external or internal measurements of impedance 
as an index of lung water content (edema). However, suitable results have not been 
obtained to permit long term monitoring of pulmonary and systemic venous congestion. 

By way of example, U.S. Patents 5,876,353 and 5,957,861 describe the use of an 
impedance monitor for discerning edema in a patient through the use of respiratory rate 
and direct current (DC) impedance. In pardcular, an impedance and respiratory 
monitoring circuit is added to a pacemaker system in order to obtain measurements of 
transthoracic impedance and respiratory rate. These measurements are taken over a long 
term to obtain a long temi average signal so that differences can be used to 
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algohihinicaUy process the variance over time for use to assess the amount of tissue 
edema over the long temi changing condition. However, such techniques fail to 
distinguish between left heart failure causing lung (pulmonaiy) edema and right heart 
failure causing systemic venous congestion. In clinical cases, right and left heazt failure 
may occur in concert or independent of each other. DC impedance in particular is more 
reflective of systemic venous congestion and may be insensitive for detection of 
pulmonary edema. Furtheraiore, respiratory rate changes are a relatively late consequence 
of CHF and may not occur far enough in advance of dangerous clinical consequences lo 
permit intervention. In addition, respiratory rate changes are not specific to CHF. They 
occur with exacerbations of various ling diseases such as emphysema, asthma and the 
like, as well as with anxiety, fever, ascent lo high altitudes, and oiher common conditions' 

U.S. Patent 5,282,840 describes a multiple frequency impedance measurmient 
system for monitoring a condition of a patient^s body tissue in order to obtain an 
indication of the condition of the tissue. As described, the measurement system employs a 
pair of elecurodes which are located in contact witti the tissue to be monitored. During 
use, electrode signals are to be applied to the two electrodes at different frequencies with 
the impedance betwe^ the electrodes being measured at the different frequencies. Any 
changes which occur in the measured impedances over time are then used to indicate 
changes in tissue conditioiu such as those induced by ischemia, drug therapies, allograft 
rejection, lead fracures or insulation degradation. When used with a cardiac pacemaker, 
the impedance values may be compared over a period of time such as hours, days, weeks 
or even months and may be employed to provide an increase in minimum or base pacing 
rate in an attempt to counteract a detected ischemia. The measurement system may also 
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be employed to measure respiration for control of the pacing rate. In this case, one 
electrode is located within the right ventricle in spaced relation to a can electrode of a 
pacemaker with a substantial amount of limg tissue located within the sensing field of the 
electrodes. Changes in the impedance may then be used to calculate a respiration rate. 

U.S. Patent 4,676p2S2 describes a double indicator pulmonary edema 
measurement system for measuring in vivo extra vascular lung water (pulmonary edema). 
As described, the detection of pulmonary edema is provided by detecting the response of 
the pulmonary vascular network to indicator dilution of themial and conductivity 
modifiers as a function of not only detected thermal and conductivity value but additional 
body parameters including blood characteristics and a temperature modifier of 
conductivity. From these, a value for extra vascular heat capacity is detemiined from 
which a quantified Ixmg water measurement is obtained. 

U.S. Patent 5,003,980 describes a method and apparatus for measuring lung 
density by Compton Backscattering. 

It is an object of ihe invention to provide a relatively simple technique for long 
term detection and monitoring of right and left sided congestive heart failure. 

It is another object of the invention to assess congestive heart failure by 
measuring bioimpedance with an implant device. 

It is another object of the invention to utilize a cardiac pacemaker, defibrillator 
and/or cardioverter/defibrillator with circuitry for monitoring of congestive hean failure 
in a patient. 

Briefly, the invention provides an implantable device and method for long term 
monitoring of congestive hean failure. In particular, the invention provides a method of 
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measuring bioimpedance to assess congestive heart failure and particularly lung 

capacitance as an index of pulmonaxy congestion. 

The invention recognizes thai the different bio-electric properties of blood and 
lung tissue permit separate assessments of systemic venous congestion and pulmonaxy 
congestion. That is, the lung has a high resistance to currrat flow as compared to venous 
blood with the structure of the lung being similar to a nearly dry sponge. As is known, the 
lung is a honeycomb of air spaces (i.e. dielectric) surrounded by blood filled capillaries 
and associated pulmonary anerial and venous vessels (i.e. conductors). Thus, the lung 
may be modeled as an array of resistors and capacitors which can be simplified to a 
parallel resistive-capacitive circuit. As the lung becomes congested with edema fluid, its 
resistance decreases and its c^acitance changes as well 

Electrical impedance is a vector quantity. Vector quantities have a scalar 
magnitude and a direction given as an angle (*) to the horiiontal. Using trigonometry, a 
vector can be resolved into its horizontal and vertical components. In the case of electrical 
impedance, the scalar magnitude of impedance (Z) is given by the Voltage across a circuit 
divided by the Current through the circuit. The angle (<P) is the phase angle between the 
voltage and current. The horizontal or "real*' component of impedance is the resistance 
(R) and the vertical "complex" component of impedance is the reactance (X). Reactance 
may be due to inductance or capacitance, but in the case of thoracic impedance, reactance 
is purely capacitive (XJ. Capacitive reactance is given by the formula = I/(27tfC). 
where f is the frequency of an alternating sine wave signal, and C is the capacitance. 

By measuring the capacitive component of lung impedance, an index can be 
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obiained which is independent of the systemic venous resistance. That is, there would be 
s^arate indexes of systemic venous congestion and of pulmonary congestion. 

Development of the implantable device is based, in part, on a realization that the 
blood in the right ventricle and venous system provides the lowest resistance path 
between an electrode in the heart and an electrode implanted in an upper chest of the 
patient, usually not far from the subclavian vein. The resistance of this blood path is 
expected to be much lower than an alternate parallel cujrent path through aerated lung 
ussue. Thus, the right ventricle and systemic venous system of the upper body are likely 
to dominate in a resistance measurement where the low resistance of the venous system is 
in a parallel circuit with the high resistance lung. 

With direct current, i.e. a constant unvarying signal with a constant amplitude, 
the capacitive reactance is infinite, so at DC and very low frequencies, almost all of the 
current flow is through the blood of the vascular system in general and the systemic 
venous system in particular. Very little current will flow through the lung because the 
lung has a much higher resistance than the blood in the systemic venous system. 
However, ai higher frequencies, the capacitive reactance of the lung decreases and may 
be comparable in magnitude to the systetnic venous resistance. A single measumnent of 
impedance and the phase angle allows a computation in a microprocessor using 
conventional circuitry of the real component of impedance (resistance), which will 
primarily be due to current flow in the systemic venous system, and the complex 
component of impedance (capacitive reactance) which will reflect conditions in the lung. 
The lung will also have a resistive component, but it would be very high so little current 
will flow there and so can be considered clinically negligible. 
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This inveniion takes advantage of the fact that the physical properties of the lungs 
are such that they have electrical capacitance, and the physical properties of the blood are 
such that there is Utile or no capacitance at the frequeiKies that will be used. By 
modeling the systemic venous blood as purely resistive, and the lung as at least partially 
capacitive, one can semi-independently use resistance as an index of systemic venous 
congestion, and capacitance as an index of pulmonary congestion. This can be done at a 
single frequency by calculating the complex component (c^acitive reactance) and the 
real component (resistance) from the total impedance and phase angle. Capacitance can 
be calculated from the capaciiivc reactance if the frequency of the signal is known. 

In parallel circuits, as this model, the calculations are easier if the inverse of the 
quantities are used. That is to say, admittance is the inverse of impedance, conductance is 
ihe inverse of resistance and the complex (imaginary) component of admittance is the 
inverse of reactance. 

There are several ways to measure the capacitive component but the most useful 
is a dual frequency measurement. In this case, die response of the circuit would be 
frequency dependent and would give different impedances for a high frequency sine wave 
versus a long DC pulse. In the event that sine waves are difficult to generate in a 
pacemaker device, a train of short duration pulses may be generated by the pacemaker 
instead. Short and long pulse widths should also yield different impedances because of 
their different frequency content. 

For purposes of the invention, the type of high frequency signal which is used to 
obtain the measurements required is one which has a current whose amplitude varies with 
a repeating pattern at a specific frequency. This includes sine waves, square waves, 
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truncaied exponential waves which are typically the output of a pacemaker and the like. 

In one embodiment, use is made of a dual frequency measurement to separate out 
the systemic venous conigestion and the pulmonary (lung) congestion. In this respect, 
system venous congestion is detected using a low frequency or direct cunent resistance or 
conduetance measurement of the cunent path through the blood of a systemic venous 
system. Pulmonary congestion is detected using a high frequency measurement of 
complex impedance, complex admittance or capacitance of the lung. As these tissues 
become congested, the resistance and the complex component of impedance will change 
and allow separate detection of systemic venous and/or pulmonary congestion. 

In this embodiment, the implantable device may include a pair of electrodes 
which are employed in suitable locations in a patient in order to obtain the desired 
measurements, and, more particularly the changes in measurements over time, in the 
systemic venous system and in the lungs as well as a signal generator for emitting an 
electrical signal to the first electrode. The signal generator may be incoiporated in a 
pacemaker which is implanted into the chest of a patient or may be employed with other 
implanted devices, such as defibrillators and cardioverter/defibrillatozs or dedicated 
solely to the monitoring of a patient for cardiac heart failure (CHF) as a stand-alone 
device. 

The electrodes may be placed in the subcutaneous tissue of the chest or may be 
surgically in^>lanted inside the chest as in during hean surgery or during implantation of 
transvenous electrodes, for example in or on the right heart, i.e. in the right ventricle or 
the right atrium. Also, one electrode may be implanted in the right heart while the second 
electrode is on the housing for the signal generator or placed elsewhere in the chest to 
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optimize the measurements being made. In any case, a first current path between the 
electrodes is to be established through the blood of the systemic venous system which 
includes, for example, but not limited to, the right ventricle, the right atrium, the vena 
cava, the innominate vein and the subclavian vein. In addition, a second current path 
between the electrodes is to be established which passes through the lung tissue of the 
patient, for example from the right atrium to the signal generator or from the right 
ventricle to the signal generator. 

Depending on the impedance offered by the body tissue, the current from the 
first electrode passes through the first current path extending through the blood of the 
systemic venous system of the patient and/or the second cuxrent path extending through 
the lung of the patient. 

The implantable device also includes a means for measuring the resistance or the 
coiuittctance to current flow in the first current path as well as for measuring at least one 
of complex impedance, complex admittance and capacitance in the second current path 
whereby changes in the measurements of the resistance or conductance are indicative of 
systemic venous congestion and changes in the measurements of complex impedance, 
complex admittance or capacitance over a period of time are indicarive of pulmonary 
congestion. In terms of circuitry, the measuring means includes a itiicroprocessor to 
receive measuremoits of the current, voltage and the phase angle between the current and 
voltage passing between the electrodes and to calculate the desired values. 

The measuring means also employs means for detecting the current generated by 
the electrical signal and for emitting a signal indicative of the current flowing through the 
body of the patient to the microprocessor. An operational amplifier is also provided to 
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amplify the signal for delivery to the microprocessor 

The measuring means also inclucles a second operational amplifier connected to 
the electrodes or to a second pair of electrodes for detecting the voltage generated by the 
electrical signal through the body of the patient and for emitting a corresponding 
amplified signal to the microprocessor. 

The measuring means also includes a phase detector connected to each amplifier 
to measure the phase angle between the detected voltage and the indicated current. 

The microprocessor is connected to the phase detector and to each amplifier to 
receive values coiresponding to the measured phase angle, the detected voltage and the 
indicated cuirent and to calculate the real and complex components of the impedance of 
• the body tissues based upon the received values. In this respect, a calculated impedance 
at a direct current (DC) or at a low frequency of the elecuical signal £rom the signal 
generator is indicative of systemic venous congestion while the calculated complex 
impedance at a higher frequency of the electrical signal from the signal .generator is 
indicative of pulmonary congestion. 

In accordance with the dual frequency measurement method of the invention, a 
DC signal or an electrical si^al of low frequency is passed irUo both paths. The 
resistance^ in this case, is dominated by the current flowing in the systemic venous 
system. Thus, the resistance which is measured is indicative of the systemic venous 
system. Should there be a decrease in measured resistance^ this would be indicative of 
congestion of the systemic venous system. 

Subsequently, an electrical signal of higher frequency is passed into the two paths 
and the complex impedance, complex admittance or capacitance to the current flow of the 
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signal is measured in the second path. Should there be a chaiige in ihe measured values, 

this would be indicative of congestion of the lung. 

In another embodiment, a single frequency measurement may be used whereby 
the computed real component of impedance is indicative of systemic venous congestion, 
and the complex component of impedance, admittance or the capacitance is indicative of 
pulmonary congestion. 

Once the microprocessor has determined that there is congestion in one or the 
other, or both, of the systemic venous system and the lung, signals may be emitted, for 
example, to a pacemaker to increase die pacing rate in order to reduce die congestion. 
Alternatively, the microprocessor may deliver signals to a pacemaker which may pace 
multiple sites in the left and right ventricle to improve the contraction partem and 
function of the heart. 

In other cases, the signals received from the microprocessor may also be 
processed for purposes of administering drugs, changing a dosage rate of drug therapy 
and the like. In still other cases, signals may be emitted in the form of tones or the like to 
alert a patient or may be emitted to a remote location to alert medical persoimel. 

These and other objects and advantages of the invention will become more 
apparent from the following detailed description taken in conjunction with the 
accompanying drawings wherein: 

Fig 1 schematically illustrates a first embodiment of a device in accordance with 
the invention implanted in a patient; 

Fig. 2 illustrates a simplified second embodiment with an electrical schematic of 
the electrical paths; 
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Fig. 3 illustrates a schematic block diagram of the device of Fig. 2 in accordance 
with the invention; and 

Fig. 4 is a vector diagram for impedance Z. 

Referring to Fig. 1, the inq>lantable device for long-tenn monitoring of congestive 
heart failure (CHF) includes a signal generator 1, such as a pacemaker pulse generator 
which is implanted in the patient in any suitable fashion. Typically, the signal generator 1 
i$ located under the skin over the left or right chest in proximity to the subclavian vein. 

The implantable device also has a pair of leads 20, 21 which extend from the 
signal generator 1. As indicated, one lead 20 extends to and is implanted in the right 
ventricle while the second lead 21 is implanted in the right atrium. As shown, both leads 
20, 21 extend from the signal generator 1 through the subclavian vein and superior vena 
cava to the patient's heart. The one lead 20 has an electrode 3 at the tip or a ring electrode 
(not shown) while the secozid lead 21 has an electrode 15 at the tip or a ring electrode (not 
shown). When cuzrent is passed duou^ the leads 20, 21, a first cturent path or circuit is 
completed between the electrodes 3 and IS through the heart tissue and particularly the 
blood in the venous system. In addition, a second current path extends from the electrode 
3 to an electrode (not shown) on the housing of the signal generator 1 with this current 
path passing through the lung of the patient. 

Fig. 2, wherein like reference characters indicate like parts as above, shows a 
simplified version of an implantable device with only one lead 20, with an indication of 
two current paths 22, 23 between the tip of the one lead 20 and a metal housing of the 
signal generator 1 . One cuirent path 22 extends from an electrode 3 ai the tip of the lead 
20 to an electrode 15 on the metal housing of the signal generator 1 and passes through 
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ihe blood of the systemic venous system fiom the right ventricle lo the subclavian vein. 
This is a low resistance path, and with direct cuirent or at low ftequeocies, most of the 
current would take this path through the body. Congestion of the systemic venous system 
would lower this resistance. 

The other cuirent path 23 extends from an electrode 3 near the tip of the lead 20 to 
a second electrode 1 S on the housing of the signal generator I and passes through the 
lung tissue. This is a relatively high resistance path with direct current or at low 
frequencies. This is because the lung is composed mostly of air filled sacs called alveoli. 
However, at high frequencies, the alveoli act as a multitude of tiny capacitors, whose 
impedance falls ZX higher and higher frequencies of aUemating current. Thus, witli 
signals containing bigjh frequencies, the capacitive impedance to cuirent flow is low. 
Therefore, a dual frequency measurement can separate out the systemic venous and the 
pulmonary (lung) impedance, Altemately, computation of the real and complex 
components of impedance or admittance at a single high frequency will also separate 
systemic venous resistance and pulmonary complex impedance, admittance and 
capacitance. As these tissues get congested, their resistance and impedance will change 
and allow separate detection of systemic venous and pulmonary congestion* 

Fig. 3 shows a block diagram of the device of Fig. 2 as a simplified model. 
During operation, the signal generator 1 can produce a constant current or constant 
voltage signal in the form of a square wave pulse of various widths, a sine wave, a series 
of alternating square waves, or any signal whose frequency content can be varied to one 
or more frequencies. 

The current flows through a current measuring resistor 2 to the electrode 3 of the 
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lead 20. One, two or more electrodes can be on each lead or on ihe housing of the 

generator L In any case, the current flows through the electrode-tissue interface as 

represented by the resistance 4 and then through the systemic venous system as 

represented by the resistance 6 (Ry). The current also flows in parallel through the lung 

as represented by a resistance 7 (RJ and a capacitor 8 (C J. 

The current then flows through the electrode-tissue interface as represented by the 
resistance 9 and thence to the electrode IS on the housing of the signal generator 1 lo 
complete the circuit to the signal generator 1 . 

A means in the form of a microprocessor is provided for measuring the resistance 
(or conductance) of the current in the paA emending through the blood of the systemic 
venous system as well as at least one of complex impedance, complex admittance and 
capacitance. This means also includes a means to measure the voltage across the current 
measuring resistor 2 and to emit a signal indicating the current in the body tissues to an 
operational amplifier 10 which ,in turn, amplifies and delivers the signal to the 
microprocessor 13 for processing. 

The measuring means also employs a second pair of electrodes 5, 17 to pick up 
the voltage generated by the current duough the body tissues and to generate a signal 
indicative of the voltage. This voltage is amplified and conditioned by an operational 
amplifier 1 1 and delivered to the microprocessor 13 for processing.. 

The measuring means also includes a phase detector 12 which is electrically 
connected to the two amplifiers 10, 1 1 to measure the phase angle between the measured 
current and the measured voltage and to deliver a corresponding signal to the 
microprocessor 13. The outputs of the two operational ampUfi^ 10, 1 1 and the phase 
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detector 12 allow the microprocessor 13 to measure the impedance of the body tissues. 

In 8 multiple frequency embodiment, the impedance is measured using signals 
generated at two or more frequencies. A DC or a low frequency measurement will 
reflect systemic venous congestion, while the high fiiequency measurement of pulmonary 
capacitive impedance will reflect pulmonary congestion. 

The housing of the signal generator 1 also houses the resistor 2, amphfiers 10, 1 1, 
phase detector 12 and microprocessor 13 to form a compact unit. 

The method of measuring bioimpedance to assess congestive heart failure using 
the implanted device employs the different bio-electric properties of blood and lung rissue 
to permit separate assessment of: (a) systemic venous congestion via a low frequency or 
• direct current resistance measurement of the current path through the right ventricle, right 
atrium, superior vena cava, and subclavian vein, or by computing the real component of 
impedance at a high frequency, and (b) pulmonary congestion via a hi^ frequency 
measurement of capacitive impedance of the lung. Note that resistanccis impedance 
measured using direct current. Unlike direct current (DC) which is totally blocked by 
capacitors, alternating current (AC) can flow through capacitors. The total amount of 
**rcsistance" to alternating current flow is called impedance herein. Thus, AC impedance 
encompasses both the resistive and capacitive components. Therefore, a single frequency 
mibodiment is also feasible as desmbed. 

Although bioimpedance devices have been used in the past, there has never been 
an application of using impedance measurement of organ specific edema content to 
separate the presence of right and left sided CHF as proposed here. 

The signal generator 1 may generate a direct current (DC) signal (frequency = 0 
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Hz) or a sinusoidal low or high fiequency signal. Alternatively, the signal generator 1 
may produce a long square wave pulse which is a close approximation to a DC signal, or 
a train of narrow time width and narrowly spaced square wave pulses (which may have 
alternating positive and negative polarities) that have a high first harmonic fi-equency 
component The use of vaiying width and frequmcy square waves is an adaptation of the 
technique for pacemakers, which already have circuitry for the generation of signals 
approximating square waves. A variety of other wavcfianns may also be used. 

The aixangement of the electrodes in the chest may not be critical, since some 
arrangements may be superior to others. Typically, the right ventricular and right atrial 
leads 20. 21 have one (unipolar) or two (bipolar) electrodes each at or near the tip of the 
leads. New pacemaker lead technology also exists to allow lead placement in other areas 
of tiie heait, such as flie coronary sinus and coronary veins. The metallic housing of the 
device itself may be used as an electrode since fhe housing is in contact with the tissues. 
Additional electrodes can be placed on the surface of fee device as well. Electrodes may 
also be implanted in other ways, such as within subcutaneous tissues around the chest 
wall or inside the chest as during heart surgeiy. 

The signal generator current is applied to one pair of electrodes 3, IS while the 
voltage generated by the current flow through the tissues is detected using the other pair 
of electrodes 5, 1 7. Any two arbitrary pairs of electrodes in the body can be chosen for 
the connections to the signal generator I . 

The impedance at zoo frequency (DC) is called resistance. The electrical 
resistance through the blood path of the venous circulation (R^) is in parallel to the lung, 
which has a much higher resistance (R^). The electrical law of parallel resistances is that 
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the total resistance (R^) is equal to the "product over the sum", or (Rv x RJ/ (R^ + RJ. If 
Ry is much smaller than R^, then the total resistance (R^) will be close to R^. In oiher 
words, the systemic venous resistance will dominate the measurcmcni at DC or low 
frequencies. 

At DC, capacitive impedance is infinite. That is, DC current does not flow 
through a capacitor. However, at high frequencies, the presence of capacitance in a 
circuit causes a phase shift in the relationship between voltage and current. With this 
phase shift, resistance alone is not considered but rather a combination of resistance and 
reactance called impedance is considered. Impedance is a vector quantity, which can be 
graphed as shown in Fig. 4 as the sum of two vectors at right angles to each other. 
Resistance is the horizontal componeiat, and reactance is the vertical component. The 
sum of the vectors is impedance. The length of the vector (the scalar magnitude), and the 
phase angle of the vector describe the relationship between resistance and reactance. The 
microprocessor 13 of the device computes the magnitude and the phase angle of the 
impedance. From that, the capacitive reactance can be calculated, and knowing the 

frequency of the signal, the capacitance can be calculated. Because the lung 
is the dominant cs^sacitor in the circuit, a property of the lung is being 
independently measured to assess congestion in some meaningful way. 

Instead of measuring the resistance to current flow in the first path through the 
systemic venous system, the conductance may be measured. In this respect, conductance 
is the inverse of resistance. In addition, as an alternative to measuring the impedance, i.e. 
the complex impedance of the current flow through the lung tissue, complex admittance 
or capacitance may be measured as an indication of pulmonary congestion. In this 
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respect, admittance is the inverse of impedance. Capacitance and complex impedance 

(Xc) arc interrelated according to the frequency (f) by the formula: Xc = V(2n f C) 

In the embodiment where a single frequency measurement is used, a signal at high 

frequency is emitted by the signal generator 1. The infomiation provided to the 

microprocessor 13 from the two amplifiers 10, 11 and the phase detector 12 is then 

processed to obtain the magnitude and the phase angle of the impedance. The 

microprocessor 13 is then able to compute the real component of impedance (resistance) 

which will primarily be due to current flow in the systemic venous system as well as the 

complex component of impedance (capacitive reactance) which will reflect conditions in 

the lung. As noted above, the lung will also have a resistive component but this is so high 

that little current will flow and can be considered clinically negligible. As a result, the 

microprocessor 13 acts as a means for measuring the resistance (or conductance) to 

current flow in the blood flow path in the systemic venous system but also measures at 

least one of complex impedance (capacitive reactance), complex admittance or 

capacitance in the currem path passing throu^ the lung. 

Thus, this invention allows separate approximations of systemic venous (right 

heart) and pulmonary (left sided) congestion. The invention takes advantage of the 

different electrical properties of blood and of lung tissue. 

The invention thus has the potential to assess systemic venous congestion (right 

hean failure) and puhnonaiy congestion (left heart failure), both separately and 

semi-independently. By altering the frequency content of the signal from the signal 

generator, current flow is encouraged through the systemic venous system at DC while ac 

high frequencies, enhanced current flow is encouraged in the lung. 
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As is known, measurements of venous congestion will be affected by the 
position of the body. Thus, the measuremeni of systemic venous congestion can be 
confounded by body position. Most modem pacemakers contain a single 
accelerometer in the coronal plane which is used to measure forward and backward 
changes in velocity, i^e. acceleration^ of the body as one walks about or moves. 
The signals generated by the accelerometer are a gross measure of "activity" and 
are used lo speed up the pacemaker's rate to produce an approximation of 
physiological hean rate response. 

The measurement device of the invention may be used with accelerometer devices 
which are conventionally used to detemiine the activity of a patient. By using 
accelerometers to sense the direction of gravitational acceleration, an array of three 
orthogonally positioned accelerometers can determine if a patient is lying on his back, on 
his stomach* on his left side« on his right side, standing or sitting erect, or even upside 
down. With two accelerometers, one in the coronal plane and one in the sagittal plane, 
one would know all these positions except whether the patient were erect or upside down. 
Usually, iwo accelerometers should be adequate. Likewise, one sensor in the coronal 
plane would be sufficient if interest is only for the prone or supine positions. 

The conventional activity sensing function of an accelerometer is also helpful in 
acquiring reproducible measurements. Body activity will increase cardiac ou^ut and also 
change the amount of blood in the systemic venous system or lungs. Measuremenis of 
congestion may be most reproducible when body activity is at a minimum and the patient 
is at rest. Thus, the use of an accelerometer allows one to sense both body position and 
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body aciiviiy. 

Comparative measurements over time may best be taken under reproducible 
conditions of body position and activity. Ideally, measurements for the upright position 
should be compared as among themselves. Likewise mieasurements in the supine, prone, 
left lateral decubitus and right lateral decubitus should be compared as among 
themselves. All comparative measurements should be made under the same activity 
conditions. 

Two other variables will also need to be controlled to permit reproducible 
measurements, i.e. variations of the cardiac cycle and variations in the respiratory cycle. 
As is known, the ventricles are at their most compliant duiing diastole. The end of the 
diastolic period is marked by the QRS on the EKG. It is also known ihai nearly all 
pacemakers are able to detect ihe QRS using sensing amplifiers connected to the right 
ventricular lead. Thus, it would be a simple matiCT to time the measurements of 
impedance to diastole using the sensed QRS as a reference point. 

Respiratoiy variation also has significani effects on the amount of blood in the 
central venous system and creates undesirable variability in systemic venous blood 
volume measurements. Respiratory variation in impedance is used by many pacemakers 
to monitor respiratory rate and volume, As the lungs fill with air during inspiration, 
impedance increases, and during expiration, impedance decreases. Most conveniently, 
impedance should be measured during expiration to minimize the effect of breathing on 
central systemic venous volume* 

While respiration and CHF both cause variations in impedance, the rates and 
magnitudes of the impedance variation are different enough to separate out the respiratory 
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variations which have a frequency of about 8 to 60 cycles per minute and congestion 
changes which take at least several minutes to hours or even days to occur. Also, ihe 
magnitude of impedance change is likely to be much greater for congestive changes than 
for noimal respiratory variation. 

The invention provides a device that can detect congestive heart failure (CHF) in 
early stages and alert a patient to prevent disabling and even lethal episodes of CHF. 
Early treatment can avert progression of the disorder to a dangerous stage. Standard 
clinical methods such as daily patient weight measurements to detect water retention are 
often unreliable and subject to patient noncompliance. An early warning alami for a 
patient to take action would be of tremendous importance. 

The invention further provides a device which could be a stand-alone implanted 
unit, or can be incorporated into an implantable pacemaker or cardioverter/defibrillator. 
Ultimately, such an early warning device could be coupled to a drug pump, which can 
automatically deliver diuretic or other therapies on an as needed basis. 
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WTiat is CImmed Is: 

1 . An implantable device for long teim monitoring of congestive heart failure 
comprising a first electrode for implanting in a right heart of a patient, a second electrode 
for implanting in the patient, and a signal generator for emitting an electrical signal from 
said first electrode to said second electrode through at least a first current path extending 
through the blood of a systemic venous system of the patient and through a second 
current path extending through a lung of a patient characterized in having means for 
measuring ai least one of systemic venous congestion and pulmonary congestion whereby 
changes in the resistance and conductance of current in said first cunent path are 
indicative of said systemic venous congestion and changes in at least one of complex 
impedance, complex admittance and capacitance in said second current path over a period 
of time are indicative of said pulmonaiy congestion. 

2. An implantable device as set forth in claim 1 fixither characterized in that 
said means for measuring includes a current measuring resistor for measuring the current 
passing between said signal generator and said first electrode and an operational amplifier 
for measuring the voltage across said resistor and emitting a responsive signal indicating 
the current measured. 

3. An implantable device as set forth in any one of claims 1 and 2 fiirther 
characterized in that said means for measuring fiirther includes a pair of electrodes for 
implanting in the patient for measuring the voltage generated by said signal in said 
current paths and a second operational ampUfier for amphfying the measurement of 
voltage trom said current paths. 
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4. An implantable device as set forth in claim 3 further characterized in that 
said means for measuring further includes a phase detector connected to each said 
amplifier to measure the phase angle between the measured voltage and the indicated 
current in said resistor, and a microprocessor electrically connected to said phase detector 
and to each said amplifier to receive values corresponding to the measured phase angle, 
the detected voltage and the indicated current and to measure the impedance of the body 
tissues based on said received values. 

5. An implantable device as set fonh in any of claims 1 to 4 further 
characterized in that said signal is a direct current signal. 

6. An implantable device as set forth in any of claims 1 to 5 wherein said 
signal is characterized in having a low frequency sufEcicnt to encourage transmission 
through a central systemic venous system. 

7. An implantable device as set forth in any of claims 1 to 5 wherein said 
signal is characterized in having a high frequency to permit transmission through a lung. 

8. An implantable device as set forth in any of claims 1 to 5 wherein said 
means for measuring measures the magnitude and phase angle of impedance and 
calculates a real component of said impedance as an indication of congestion in the 
systemic venous system and a complex component of said impedance as an indication of 
congestion in the lung. 

9. An implantable device as set forth in any of claim 1 wherein said signal 
generator is characterized in being able to generate an electrical signal at at least two 
different frequencies. 
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10. An implantable device as set forth in claim 9 characterized in that said first 
electrode is implanted in a right ventricle of a patient to dehver said signal through a first 
current path extending from the right ventricle through the blood of a systemic venous 
system and subclavian vein of the patient and to a second path extending through a lung 
of the patient and said second electrode is implanted in a right atrium of the patient and 
connected to said signal generator to complete a circuit with said first electrode to said 
signal generator 

11. An implantable device as set forth in claim 1 0 wherein said measuring 
means is characterized in having a current measuring resistor electrically connected to 
said signal generator for passage of said electrical signal therethrough, a first operational 
amplifier for measuring the voltage across said resistor and emitting a signal indicative of 
the ciirrent flowing through said resistor, a pair of electrodes for implanting in the patient 
for detecting the voltage generated by said signal through the body tissue of the patient, a 
second operational amplifier coimected to said pair of electrodes to amplify the detected 
voltage, a phase detector connected to each said amplifier to meastire a phase angle 
between the detected voltage and the indicated current in said resistor; and a 
microprocessor connected to said phase detector and to each said ampUfier to receive 
values corresponding to the measured phase angle, the detected voltage and the indicated 
current and to calculate the impedance of the body tissues based on said received values 
whereby a calculated resistance or conductance at DC or a calculated impedance at a 
lower frequency of said electrical signal from said signal generator is indicative of 
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systemic venous congestion and a calculated complex impedance at a higher frequency of 
said electrical signal from said signal generator is indicative of pulmonary congestion. 

12. An implantable device as set forth in claim 1 1 wherein said means for 
measuring is characterized in measuring the magnitude and phase angle of impedance and 
calculating a real component of said impedance as an indication of congestion in the 
systemic venous system and a complex component of said impedance as an indication of 
congestion in the lung. 

13. An implantable device as set forth in any of claims 1 to 12 characterized in 
being combined with an accelerometer for sensing a direction of gravitational 
acceleration as an indication of patient position and for sensing body activity for 
conrelation with a measurement of congestion from said implantable device. 

14. An implantable device as set forth in any of claims 1 to 12 characterized in 
being combined with means for moiutoring the respiratory rate, respiratory cycle and 
volume of the patient for correlation with a measurement of congestion from said 
implantable device. 

15. An implantable device as set forth in any of claims 1 to 12 characterized in 
being eombmed with an electrocardiogram for measuring variations in a cardiac cycle for 
correlation with a measurement of congestion from said implantable device. 

16. A method of measuring bioimpedance to assess congestive heart failure 
characterized in the sitcps of 

passing a electrical signal of high fr^uency into a first path extending 
through a systemic venous system from a right ventricle to a subclavian vein of a patient; 
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and a second path electrically parallel to said first path and extending through a lung of 
the patient; 

measuring the resistance lo cuuent flow of said signal in said first path 
whereby a decrease in measured resistance is indicative of congestion of the venous 
system; and 

measuring the capacitive impedance or admittance to cunrent flow of said 
signal in said second path whereby a change in measured capacitive in^edance or 
admiitance is indicative of congestion of the lung. 

17. A method as set forth in claim 16 further characterized in the steps of 

measuring the magnitude of impedance to said signal in said paths and rhe 
phase angle of said impedance; 

obtaining the real component of said in^edance as a measure of the 
resistance to current flow in said first path; and 

obtaining the complex component of said impedance as a measure of 
capacitive reactance in said second path. 
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